Abstract: The present work reports the synthesis of zeolites from two metakaolins, one derived from the white kaolin and the other derived from the red kaolin, found in a deposit in the city of São Simão (Brazil). The metakaolins were prepared by calcination of the kaolins at 600 • C; zeolite A was obtained after alkali treatment of the metakaolins with NaOH. The resulting solids were characterized by powder X-ray diffraction, thermal analysis, scanning electron microscopy, and nitrogen adsorption/desorption at −196 • C, which confirmed formation of zeolite A. The zeolites were applied as adsorbents to remove methylene blue, safranine, and malachite green from aqueous solutions. The zeolites displayed high adsorption capacity within short times (between one and five minutes); q t was 0.96 mg/g. The equilibrium study showed that the zeolites had higher adsorption capacity for malachite green (q e = 55.00 mg/g) than for the other two cationic dyes, and that the Langmuir isotherm was the model that best explained the adsorption mechanism.
Introduction
Industries such as dyes, textiles, paper, pharmaceuticals, and plastics generate a considerable amount of wastewater. Dyes are the primary contaminants recognized in wastewater due to their color. Approximately 15% of the total world production of dyes is lost during the dyeing process. Consequently, a large quantity of dyes is released into textile effluents [1] . Removing these contaminants from industrial wastewaters before effluents are discharged into the aquatic environment is obviously necessary. Various methods, such as biological processes [2] , ultrasound [3] , active carbon adsorption [4] , ozone treatment [5] , coagulation/flocculation [6] , and ion exchange resin [7, 8] and ion exchange membrane adsorption methods [9] , have been investigated in an attempt to remediate dye-containing wastewaters. However, these methods are not always efficient and economical enough, so new alternative technologies that rely on low-cost materials are mandatory to solve the issues related to dye-containing wastewaters [10] .
In this sense, natural clays have been modified to prepare several types of materials, including nanotubes [11] , metakaolins [12] , and zeolites [12] . The final material depends on the parent clay and on the treatment to which the clay is submitted. Zeolites obtained from kaolin are highlighted as advantageous, inexpensive materials for this purpose. Zeolites can be prepared by treating kaolin with alkaline compounds. The reactivity of the clay increases if it is calcined at medium temperatures (ca. 600 • C), to form metakaolins in the intermediate step [13] .
Numerous researchers have revisited the presence of transition metal cations within the zeolite structure in recent years because these metal cations impart new properties to the solid, making them applicable for catalytic purposes or for environmental remediation through adsorption of various contaminants. For instance, Fe(III) cations, which very often exist as impurities in many zeolites, have been introduced into synthetic zeolites structurally or via cation exchange [14] . The presence of transition metal cations within the structure of a solid matrix can alter the crystallinity of the solid and even hinder clay conversion to zeolites in some cases [15] .
Zeolites synthesized from several natural sources, such as clays and fly ash, are very important porous and selective adsorbents and display high ion exchange capacities. Table 1 lists some literature results on the preparation methods and on the conventional uses of zeolites. Kaolin, which is very abundant in nature, is composed of kaolinite, a TO (tetrahedral-octahedral) clay mineral consisting of aluminum and silicon oxides; it also contains some iron, titanium, or manganese impurities as isomorphous substituents in both the octahedral and the tetrahedral layers or as extra framework phases, depending on where the clay originates. However, kaolin does not present good adsorption capacity due to its low cationic exchange capacity (CEC) and specific surface area (SSA) as compared to TOT (tetrahedral-octahedral-tetrahedral) clay minerals and other synthetic materials. Therefore, the synthesis of zeolites from clays such as kaolin is advantageous because zeolites have higher adsorption capacity [16, 17] . In this context, we aimed to synthesize zeolites starting from two natural clay fractions as precursors, white kaolin and red kaolin (with higher iron content), and to investigate the potential of the resulting zeolites to adsorb the cationic dyes depicted in Table 2 .
Experimental

Red and White Kaolin Purification
The parent clay minerals consisted of red and white kaolins obtained from a deposit in the city of São Simão, state of São Paulo, in the southeast of Brazil. The kaolins were supplied by the mining company Darcy R.O. Silva & Cia (São Simão-SP, Brazil). The natural clays were purified by the dispersion-decantation method. The purified clays were composed of very pure kaolinites and were designated as Ka (derived from white kaolin) and Ka-R (derived from red kaolin). 
Synthesis of Metakaolins
The purified kaolins Ka and Kao-R were calcined at 600 • C for 12 h, in air. The resulting metakaolins were designated M-Ka and M-Ka-R, respectively.
Synthesis of Zeolite A
The zeolites were synthesized through the hydrothermal route, which is a multiphase reaction-crystallization process, as emphasized by several authors [12] [13] [14] [15] 20] . This process usually encompasses at least one liquid phase as well as both amorphous and crystalline solid phases. Linde zeolite type A (LTA structure) was prepared by alkali treatment of M-Ka and M-Ka-R with aqueous NaOH 5 mol·L −1 solution at a NaOH/metakaolin molar ratio of 8:1; Al 2 Si 2 O 7 was considered the formula of the metakaolins [21] . The mixture was maintained under magnetic stirring and heated at 80 • C for 24 h. The resulting zeolites were washed with distilled water several times and dried at 110 • C. The zeolites obtained from M-Ka and M-Ka-R were labeled Zeo and Zeo-R, respectively.
Characterization Techniques
Methylene blue (MB) adsorption was used to quantify the CEC and the total SSA of the zeolites. A MB solution was prepared by dissolving 1 g of MB in 200 mL of distilled water. In parallel, 50 mg of the oven-dried zeolite was dispersed in 10 mL of distilled water. Then, consecutive volumes of 0.5 mL of the MB solution were added to the zeolite dispersion. After addition of each 0.5-mL aliquot of the MB solution, the mixture was homogenized by magnetic stirring for 1 min. Then, a drop was removed from the dispersion and placed onto Fisher brand filter paper, until a permanent blue halo of unadsorbed MB appeared on the filter paper. The SSA was determined from the MB amount required to reach the end-point, according to the equation
where CEC is the cation exchange capacity (mEq·100
is the volume of MB solution used in the analysis, and W (g) is the mass of zeolite used in the experiment. The SSA was calculated according to the Hang and Brindley method; Equation (2) was applied [22] SSA = F MB × CEC (2) where SSA is the specific surface area (m 2 ·g −1 ), and F MB is the normalized value of the MB molecule surface area in m 2 . Powder X-ray diffraction (PXRD) patterns of non-oriented powder samples were recorded in a Siemens D-500 diffractometer (Siemens España, Madrid, Spain) with Ni-filtered Cu Kα radiation, working at 40 kV and 30 mA, at a scanning speed of 2 • /min. Element chemical analyses were carried out by inductively coupled plasma-atomic emission spectrometry (ICP-AES) at Activation Laboratories Ltd. (Ancaster, ON, Canada). Infrared (FT-IR) spectra were recorded in the 350-4000 cm −1 range in a Spectrum-One Spectrometer (Perkin-Elmer, Waltham, MA, USA). The KBr pellet technique was employed: about 1 mg of the sample and 300 mg of KBr were used to prepare the pellets. Thermogravimetric (TG) and differential thermal (DTA) analyses were conducted in a SDT Q600 Simultaneous DTA-TGA-DSC equipment (Thermal Analysis TA, New Castle, PA, USA), from 25 to 900 • C, under nitrogen atmosphere, at a heating rate of 20 • C/min. The BET specific surface areas were determined from the corresponding nitrogen adsorption data at −196 • C, measured in an ASAP 2020 analyzer (Micrometrics, Norcross, GA, USA); 0.2 g of the sample was used. The samples were previously degassed at 200 • C for 24 h at a pressure lower than 50 µmHg. Scanning electron microscopy (SEM) photographs of the materials were obtained in a digital scanning microscope DSM 960 from (Zeiss, Carl Zeiss Iberia-Division Microscopy, Madrid, Spain); the samples had been coated with a thin gold layer by evaporation.
Adsorption Experiments
Equilibrium adsorption experiments were carried out in glass vials by shaking a known amount of the adsorbent, typically 0.1 g, with 5.0 mL of each dye solution at a given concentration, typically in the 0.14-1 mmol·L −1 range. After shaking for 30 min, a time selected from previous kinetic experiments, the solid phase was separated via centrifugation at 3500 rpm. The dye concentration in the solution was determined by UV-vis spectroscopy in a Hewlett-Packard 8453 Diode Array spectrometer (Agilent Technologies Spain, Madrid), and the amount of adsorbed dye was calculated by means of Equation (3)
where q e (mmol·g −1 ) is the amount of adsorbed dye; C i and C e (mmol·L −1 ) are the initial and equilibrium liquid-phase concentrations of the dye, respectively; V (L) is the volume of the solution; and m (g) is the amount of adsorbent used in the experiment. NaOH was supplied by Labsynth Products Laboratories (Diadema, Brazil). The other reagents used in the preparation and characterization of the zeolites and in adsorption experiments were purchased from Sigma-Aldrich ® (Madrid, Spain) and had the highest purity, so they were used without purification. The gases were obtained from Oxi-Franca (Franca, Brazil). The X-ray powder diffraction patterns of the zeolites Zeo and Zeo-R synthesized from the metakaolins M-Ka and M-Ka-R (Figure 1 ) reveal the presence of a single and very pure phase. Comparison with the JCPDS file 43-142 clearly shows that Zeo and Zeo-R are hydrated Linde Type Zeolite A (LTA). LTA has a three-dimensional pore structure where the pores are perpendicular to each other along the x, y, and z directions. The pore diameter is defined by a small ring (4.2 Å) of eight oxygen atoms, which gives a large cavity with free diameter of 11.4 Å. The unit cell is cubic (a: 24.64 Å). The purity of zeolites synthesized from kaolin has been reported to depend on various factors such as NaOH concentration, Al/Si ratio, calcination temperature of the parent kaolin, and duration of the treatment [12] . Here, the powder X-ray diffractograms prove that the small differences in Fe and Mn contents do not interfere in the synthesis of zeolite A: there is only a small decrease in the reflection intensities of the sample Zeo-R, in agreement with literature results. This decrease indicates the presence of isomorphic substituents in the clay mineral, which may lower the crystallinity of the resulting zeolite [15] .
Results and Discussion
Preparation and Characterization of the Materials
Thermogravimetric analyses (Figure 2 ) of the zeolites Zeo and Zeo-R give rise to more complex curves than the curves of the parent kaolins, Ka and Ka-R (not included, but typical of this mineral). Mass loss reaches values close to 23% for both Zeo and Zeo-R, which are very close to the expected value for zeolite A. The theoretical mass loss for a 'typical' zeolite A, with formula Na 12 Al 12 Si 12 O 48 ·27H 2 O, is 22.2%, but the mass loss strongly depends on the storage conditions. In the present case, special storage conditions were not adopted, so both zeolites Zeo and Zeo-R may have a low amount of adsorbed water. Water removal is almost complete around a temperature of 250 • C. The DTG curves (not shown) demonstrate that this removal occurs in three consecutive, overlapped processes centered at 65-70, 120-150, and 220-240 • C, which correspond to water held to the zeolite at various strengths, adsorbed water, and zeolitic water, respectively. Zeo-R undergoes a small additional mass loss at ca. 350 • C, which may be related to the removal of CO 2 fixed as carbonate during the preparation procedure in a strongly basic solution. At higher temperatures, dehydroxylation can be detected as a gentle, continuous mass decrease [23] . The nitrogen adsorption/desorption isotherms on the samples measured at −196 • C refer to type II isotherms (IUPAC classification [24] ). This type of isotherm evidences that a complex structure with undefined pore size and volume size distributions exists due to low adsorption values (Figure 3) . The BET SSA values follow the same trend in both series, increasing when one goes from kaolin to metakaolin and strongly decreasing when one goes from metakaolin to zeolite (Table 4 ). The increase from kaolin to metakaolin can be related to amorphization induced by calcination of kaolin to form metakaolin (see Figure 1) . The sharp decrease from metakaolin to zeolite may be due to the extremely high crystallinity of the zeolite particles and their large particle size, as suggested by X-ray diffraction and confirmed by electron microscopy (vide infra). Given the large crystal size, the SSA is almost exclusively due to contribution from the external surface. In the same way, the pore size decreases when one goes from kaolin to metakaolin and increases when one goes from metakaolin to zeolite (Table 4 ). Table 4 also provides the CEC SSA values regarding MB adsorption. In this case, CEC SSA decreases when one goes from kaolin to metakaolin and increases when one goes from metakaolin to zeolite. The CEC SSA values of the zeolites are very close to the CEC SSA values of the original kaolins. The CEC SSA values of Zeo and Zeo-R do not differ, which demonstrates that the slight differences in crystallinity do not affect CEC SSA. The results suggest that the CEC SSA of the kaolins Ka and Ka-R, which are originally rather low, decrease due to the strong calcination conditions applied to obtain the metakaolins, M-Ka and Me-Ka-R. Further reaction to produce the zeolites recovers the CEC SSA in the final Zeo and Zeo-R despite their large particle size and high crystallinity. However, the low surface area of the zeolites and the difficult access to their pores indicate that the experimental values may be affected by MB aggregation depending on the pH of the dispersions, to culminate in the large difference between the SSA values of the gas and liquid phase media.
The micrographs in Figure 4 depict the typical morphology of the very fine and rigid kaolinite particles. Stacked sheets forming tactoids, which produce aggregates, are evident. The micrographs of Zeo and Zeo-R reveal the formation of large cubic crystals, a typical morphology of these solids [25] . The shape of these crystals depends not only on the chemical composition of the zeolite, but also on the conditions used during the synthesis. In the current case, the morphology of the Zeo and Zeo-R crystals is very close to cubic. Zeo-R is more regular than Zeo. Aggregation of cubic crystal clusters gives quasi-spherical aggregates, an effect that is more evident for Zeo. 
Adsorption Studies
Equilibrium data, commonly denoted as adsorption isotherm, are important to define the mechanism of the adsorption process accurately [26] . Here, the Langmuir, Freundlich, and Sips isotherm models were used to analyze the adsorption of dyes onto Zeo and Zeo-R. Figure 5 illustrates fitting of the experimental adsorption data with the aforementioned models. According to the Giles classification [27] , the isotherms are type L-2 when MB and SA are tested as adsorbates, and type S-2 when MG is tested as adsorbate. L-type isotherms are characterized by a non-linear convex curve, which indicates lower availability of adsorption sites as the concentration at equilibrium increases and high affinity of the adsorbate for the adsorbent. As for S-type isotherms, the adsorption capacity of the solid increases as the adsorbate concentration rises. Table 5 summarizes the parameters obtained from the nonlinear plots of each isotherm. Fitting of the models to the experimental data was evaluated by the chi-square test (χ 2 ) and the coefficient of determination (R). Most of the R values exceed 0.9 for the Langmuir model, which suggests that the model could fit the experimental results. . Therefore, the adsorption capacity of the zeolites depends on the precise kaolin that is used as precursor for the synthesis of zeolites.
The decrease in the k L values could be related to molecular volume and steric hindrance. This is not surprising because zeolite A has a narrow pore aperture, which makes access very difficult for the dye molecules [28] . The results indicate that the affinity of the binding sites in Zeo-R increases for all the dyes probably because there are isomorphic substitutions in the parent kaolin. The k L values vary between zero and 0.11 for SA adsorption onto Zeo and Zeo-R, suggesting that this dye has large affinity for solids.
As previously reported by some authors, zeolite materials generally display high affinity for cationic dyes with very small molecular size, such as methylene blue. The behavior of MG, MB, and SA adsorption onto Zeo and Zeo-R shows that both zeolites have more affinity for MB, the dye with the smallest molecular size. Other authors have reported efficient removal of cationic dyes like basic blue 17, basic red 46, basic green 4, basic blue 9, basic violet 10, and basic yellow 28 by natural zeolites (e.g., clinoptilolite) [29] [30] [31] [32] [33] . In contrast, adsorption studies of anionic, acid dyes are very limited, and very low adsorption capacity values (0.5 mg g −1 ) have been reported [18, 34] . 
Conclusions
Zeolites obtained from kaolins efficiently adsorb methylene blue, safranine, and malachite green from aqueous solutions. The molecular volume of the dyes influences the adsorption capacity of zeolites and alters the adsorption rate calculated by theoretical kinetic and equilibrium models. In addition, the synthesized zeolites could have their adsorption capacity limited by the presence of cations and water molecules in their pores, which could block the access of larger molecules such as dyes. Overall, taking green chemistry requirements into account, zeolites prepared from natural clays are promising materials for the removal of many environmental pollutants. the first version of the manuscript; E.J. Nassar, K.J. Ciuffi, M.A. Vicente, R. Trujillano, V. Rives, A. Gil, S. Korili and E.H. de Faria revised/discussed the manuscript.
Conflicts of Interest:
The authors declare no conflict of interest.
